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Introduction {#sec005}
============

Thiazolidinediones(TZDs) such as troglitazone, rosiglitazone and pioglitazone are peroxisome proliferator activated receptor-γ(PPARγ) agonists that improve glucose control in patients with type 2 diabetes by enhancing insulin sensitivity in target tissues. Though this group of drugs is usually well tolerated, they have been reported to cause several adverse effects, including hepatitis, edema, weight gain, bone loss and congestive heart failure \[[@pone.0149543.ref001]\].

Some hematological side effects, including anemia, leukopenia, thrombocytopenia, and pancytopenia, have been reported in patients receiving TZD treatment \[[@pone.0149543.ref002]--[@pone.0149543.ref004]\]. TZD-induced reductions in red blood cell count and hemoglobin(Hb) levels are traditionally considered to result from hemodilution effects\[[@pone.0149543.ref005]\].However, recent studies have demonstrated that the decreases in hematocrit and Hb are not correlated with changes in total body water or body weight \[[@pone.0149543.ref003],[@pone.0149543.ref006]\]. One plausible explanation is that TZDs exert a suppressive effect on bone marrow, whereas other studies have shown that pretreatment with rosiglitazone for 5 days protects against 5-Fu-induced myelotoxity, which is FLT3-dependent \[[@pone.0149543.ref007]--[@pone.0149543.ref009]\]. Considering the clinical use of TZDs in diabetic patients, their long-term effects on homeostatic and stress hematopoiesis should be understood.

With regard to hematopoietic tissues, PPARγ is expressed in bone marrow stromal cells, CD34^+^ progenitor cells, normal monocyte/macrophages, megakaryocytes and neutrophils, indicating that PPARγ plays an essential role in both adipogenesis and hematopoiesis \[[@pone.0149543.ref010]--[@pone.0149543.ref012]\]. Despite having clearly defined roles in adipogenesis, the effect of TZDs on hematopoietic cells is unclear \[[@pone.0149543.ref013]\]. In some studies, PPARγ agonists have been recognized as inducers that increase the number of hematopoietic stem cells(HSCs) \[[@pone.0149543.ref014]\]. However, other studies have reported that 100--300μmol/l of TZDs slightly inhibits the growth of normal human hematopoietic cells \[[@pone.0149543.ref015],[@pone.0149543.ref016]\]. PPARγ also negatively regulates the proliferation and differentiation of erythroid progenitor cells and pre-B cells \[[@pone.0149543.ref017],[@pone.0149543.ref018]\].

Adequate hematopoiesis requires an intact and functional bone marrow microenvironment. Adipocytes are one of the most abundant cell types in the bone marrow niche and have received a great deal of attention because they are able to modulate hematopoiesis \[[@pone.0149543.ref019]--[@pone.0149543.ref021]\]. Recently, it was reported that adipocyte-rich bone marrow has fewer progenitor cells \[[@pone.0149543.ref019]\]. Using a mouse model with no fat in the bone marrow, researchers observed the improved engraftment of A-ZIP/F1 mouse bone marrow cells after primary and secondary transplantation, indicating that adipocytes might impair the engraftment of HSCs \[[@pone.0149543.ref019]\]. Long-term treatment with a PPARγ agonist activates adipocyte-specific gene expression and significantly enhances bone marrow adipogenesis \[[@pone.0149543.ref022]--[@pone.0149543.ref025]\]. Furthermore, our laboratory and others have demonstrated that BADGE, an inhibitor of PPARγ, can decrease marrow adiposity and improve hematopoietic recovery after chemotherapy or transplantation \[[@pone.0149543.ref019],[@pone.0149543.ref020]\].Hence, we speculated that the PPARγ agonist rosiglitazone might inhibit hematopoietic recovery in response to stress by inducing bone marrow adipogenesis.

In this report, we treated mice with rosiglitazone for 6 weeks and examined the long-term effects of rosiglitazone on homeostatic and stress-induced hematopoiesis, and we found that rosiglitazone treatment delayed hematopoietic recovery and inhibited myelopoiesis after hematopoietic stress. We also found that rosiglitazone had no direct effect on the cellular phenotype or function of hematopoietic stem/progenitor cells(HSPCs). However, rosiglitazone-treated stromal cell lines showed enhanced potential to differentiate into adipocytes and inhibited the myeloid differentiation of co-cultured HSPC cells.

Materials and Methods {#sec006}
=====================

Reagents {#sec007}
--------

Anti-mouse-Gr-1-APC, CD11b-APC, CD45R/B220-PE, and CD3-FITC were purchased from BioLegend (San Diego, CA, USA); anti-mouse-FcrR-FITC, CD34-PE, Sca-1-APC, c-kit-BV-421, IL-7R-PE-Cy7, biotin-conjugated lineage cocktail and APC-CY7-conjugated streptavidin were purchased from BD Bioscience (San Jose, CA, USA). A mouse hematopoietic progenitor cell enrichment kit was purchased from Stem Cell Technologies(Vancouver, Canada).

Animals and treatment protocol {#sec008}
------------------------------

C57BL/6J female mice(6--8 weeks old) were provided by Beijing HFK Bioscience Co., Ltd. (Beijing, China). Mice were housed in a controlled environment with a 12 h light/dark cycle at 23°C (±2°C) and 40--50% relative humidity with free access to chow and standard water. The animal experiments were approved by the Animal Ethics Committee of Peking University Health Science Center (permit number: 2013--16). Measures to improve welfare assistance and endpoint criteria were established to minimize suffering and ensure animal welfare. Briefly, mice suffering severe infection or 30% weight loss were euthanized in accordance with our ethical guidelines. At each time point, mice were euthanized via cervical dislocation under sodium pentobarbital anesthesia (50 mg/kg).

The mice were randomly divided into three groups: (a) control(CTL) group,(b) rosiglitazone(ROSI) group, and (c) ROSI+BADGE group. To analyze the effect of rosiglitazone on hematopoiesis, the ROSI group mice were fed 5 g chow/d supplemented with 0.15 mg/g rosiglitazone maleate for 6 weeks\[[@pone.0149543.ref026]\].The control group mice were fed the same amount of non-supplemented chow. ROSI+BADGE group mice were given 60 mg/kg/d BADGE after 4 weeks on a rosiglitazone-enriched diet. To induce hematopoietic stress, all groups were injected once with 250 mg/kg 5-fluorouracil (5-Fu) intraperitoneally after 4 weeks on a normal diet or a rosiglitazone-enriched diet. The survival, food and rosiglitazone intake per cage as well as the body weight of individual animals were monitored daily.

Histopathology {#sec009}
--------------

Mouse tibias were collected and fixed in 4% paraformaldehyde for 24 h. Tissues were decalcified in 20%(w/v) paraformaldehyde for 7 days at 4°C and were embedded in paraffin. Sections(4μm thick) were mounted on slides, deparaffinizedand stained with hematoxylin and eosin(HE). BM adipocytes were quantified as described previously \[[@pone.0149543.ref020],[@pone.0149543.ref027]\].

Peripheral blood cell and bone marrow mononuclear cell counts {#sec010}
-------------------------------------------------------------

Peripheral blood samples were collected in EDTA-coated tubes from the facial vein using lancets, and complete blood counts were analyzed using a Hemavet Model HV950hematology analyzer (Drew Scientific, UK). The bone marrow mononuclear cells(BMMNCs) were flushed from the long bones and counted using the hematology analyzer.

Measurement of plasma glucose levels {#sec011}
------------------------------------

Plasma glucose concentrations were determined at the beginning and at the end of the experiment using an Accu-Chek glucometer (Roche Diagnostics, Mannheim, Germany).

Flow cytometric assays {#sec012}
----------------------

Hematopoietic cells were collected from peripheral blood, spleen and bone marrow. The hematopoietic progenitor cells(HPCs: Lin-c-kit+Sca-1-), LSK cells(Lin-c-kit+Sca-1+), common lymphoid progenitors (CLP: Lin- c-kit low IL-7R+), common myeloid progenitors (CMP: Lin-FcγRlowCD34+), granulocyte/monocyte progenitors(GMP: Lin-FcγRhigh CD34+) and megakaryocyte/erythrocyte progenitors(MEP: Lin- FcγRlow CD34-) were analyzed as described previously \[[@pone.0149543.ref028]\].For cell cycle analysis, bone marrow cells were stained with the cell surface markers Sca-1-APC, Lin-cocktail-biotin, c-kit-BV421,and streptavidin-APC-cy7; washed; fixed in fixation/permeabilization working solution(eBioscience, San Diego, CA) for 45 min; washed again; and incubated in permeabilization buffer containing Ki-67-FITC for 30 min at room temperature. The cells were finally treated with 5 μl 7-AAD for 10 minutes before assessment.

Colony-forming cell assay {#sec013}
-------------------------

CFC assays were performed in MethoCult GF M3434 methylcellulose with cytokines (Stem Cell Technologies, Canada) following the manufacturer's instructions. The colonies were counted after 8--10 days using an inverted microscope(Olympus, Japan).

Cell lines {#sec014}
----------

The C3H10T1/2 cell line was obtained from the China Infrastructure Cell Line Resource, and the M2-10B4 cell line was obtained from the Shanghai Bioleaf Biotech Co.,Ltd. C3H10T1/2 was grown in MEM/EBSS supplemented with 10% fetal bovine serum(FBS). M2-10B4 was maintained in MEM supplemented with 10% FBS. To induce adipogenesis in the cell lines, confluent cultures were maintained in basic medium supplemented with 10μM rosiglitazone for 12 days. Adipogenic differentiation was confirmed by staining the lipid droplets with Oil Red O dye.

PPARγantagonist treatment {#sec015}
-------------------------

PPARγ antagonists BADGE(20 μM)were added to C3H10T1/2 or M2-10B4 cells during adipogenic differentiation. Antagonists were pretreated for 24h before rosiglitazone was added. Dimethyl sulfoxide was used as a solvent for BADGE.

Establishment of a co-culture system {#sec016}
------------------------------------

Two stromal cell lines were plated in 24-well plates and cultured in basic medium in the presence or absence of 10 μM rosiglitazone. Lineage negative(Lin^-^) cells were selected using a mouse hematopoietic progenitor cell enrichment kit and were cultured on a layer of stromal cells in 500 μl of serum-free StemSpan SFEM medium (StemCell Technologies, Vancouver) supplemented with 100 ng/ml stem cell factor, 100 ng/ml Flt-3, and 20 ng/ml thrombopoietin. After 3 days of culture, the suspended cells were harvested and subjected to CFC assays and flow cytometric analysis.

Cell proliferation assay {#sec017}
------------------------

The cell proliferation rate was assayed by testing CCK-8. Briefly, 2×10^4^ Lin^-^ cells were seeded into 96-well culture plates and treated with PPARγ agonists for 7days. The OD value at 450 nm was evaluated using a microplate reader following the manufacturer's instructions.

RT-PCR {#sec018}
------

Total RNA was isolated from BMMNC using TRIzol Reagent(Invitrogen, USA). RNA (1μg)was reverse-transcribed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) according to the manufacturer's instructions. The cDNA samples were mixed with primers and SYBR Master Mix(Applied Biosystems, USA) to a total volume of 20μl. The data were analyzed using 7500 FAST System SDS version 2.0.6 software, and the changes in target gene expression were calculated using the comparative C~T~ method(fold change = 2^-ΔΔCt^) as described previously \[[@pone.0149543.ref029]\]. The primer sequences are shown in [Table 1](#pone.0149543.t001){ref-type="table"}.
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###### Sequences of the primers used for qPCR.

![](pone.0149543.t001){#pone.0149543.t001g}

  Primers               Sequences(5'-3')
  --------------------- --------------------------
  PPARγ2 forward        CACTCGCATTCCTTTGACATC
  PPARγ2 reverse        CGCACTTTGGTATTCTTGGAG
  adiponectin forward   CGTCACTGTTCCCAATGTACC
  adiponectin reverse   CGGAATGTTGCAGTAGAACTTG
  PU.1 forward          CCCGGATGTGCTTCCCTTAT
  PU.1 reverse          TCCAAGCCATCAGCTTCTCC
  C/EBPα forward        CTCTCCACAAGGTTCATCAGG
  C/EBPαreverse         GCTGTAGGTGCTTCCACTTCA
  GAPDH forward         TCAATGACAACTTTGTCAAGCTCA
  GAPDH reverse         GTGGGTGGTCCAGGGTTTCTTACT

Statistics Analysis {#sec019}
===================

All experiments were performed at least three times. The results were presented as the means± standard deviation(SD). The data were analyzed using Student's *t*-test or ANOVA. A value of *P*\<0.05 was considered statistically significant. All analyses were performed with GraphPad Prism (GraphPad Software, Inc. San Diego, CA).

Results {#sec020}
=======

Rosiglitazone treatment has no effect on homeostatic hematopoiesis {#sec021}
------------------------------------------------------------------

In our study, mice were fed a diet supplemented with rosiglitazone for six weeks to investigate the effect of rosiglitazone on homeostatic hematopoiesis. The cumulative dose of rosiglitazone calculated at the end of the experiment was 987.6 μg/g of body weight. In accordance with previous findings, we found that this treatment did not generate any differences regarding increases in weight (16.15±3.35%compared to 15.67±2.96%, n = 5, *P*\>0.05) and glucose levels(188.28±23.42mg/dl compared to 192.24±27.52mg/dl, n = 5,*P*\>0.05) \[[@pone.0149543.ref026]\].At the end of 6 weeks, increased numbers of adipocytes were observed in the long bone marrow of rosiglitazone-treated mice compared to the controls ([Fig 1A and 1B](#pone.0149543.g001){ref-type="fig"}). In addition, expression of the adipogenic marker genes PPARγ and adiponectin was also enhanced by rosiglitazone treatment([Fig 1C](#pone.0149543.g001){ref-type="fig"}). However, rosiglitazone treatment did not cause any significant alteration of blood cellularity in normal, healthy mice ([Fig 1D--1F](#pone.0149543.g001){ref-type="fig"}; WBC 4900.00±458.26/mm^3^compared to 3733.33±776.75/mm^3^, n = 3, *P* = 0.089; PLT 1020000.00±242827.69/mm^3^compared to873333.33±47815.62/mm^3^, n = 3, *P* = 0.363;Hb129.00±26.21 g/l compared to136.67±2.08 g/l n = 3, *P* = 0.640). The average BM cellularity of mice in the rosiglitazone group was lower than that of the control group, but this difference was not statistically significant(18.21±2.40×10^6^ compared to 24.81±3.88×10^6^,n = 3, *P* = 0.066, [Fig 1G](#pone.0149543.g001){ref-type="fig"}).

![Normal homeostatic hematopoiesis in rosiglitazone-treated mice.\
(A) Adipocytes in tibia BM sections from rosiglitazone-treated and control mice (HE staining, scale bar 200 μm).(B) Adipocyte counts per mm^2^ in tibia BM sections from both groups of mice. (C) Expression of PPARγ2 and adiponectin in BMMNCs from the two groups of mice. (D-F) No significant differences in peripheral blood(PB) counts were observed in rosiglitazone-treated mice compared to the control mice. (G) A decreased bone marrow mononuclear cell(BMMNC) count was observed in rosiglitazone-treated mice compared to control mice, but this difference was not statistically significant(*P* = 0.066). The data are presented as the means ± SD from three independent experiments.](pone.0149543.g001){#pone.0149543.g001}

Rosiglitazone delays hematopoietic recovery after 5-Fu treatment {#sec022}
----------------------------------------------------------------

To investigate the effect of rosiglitazone on stress hematopoiesis, all mice were treated with 250mg/kg 5-Fu. After 2 weeks of treatment with 5-Fu, all mice exhibited adipocyte-rich bone marrow. Notably, mice in the rosiglitazone group had more adipocytes in their tibias, and the expression levels of PPARγ and adiponectin were increased in the rosiglitazone group compared to control mice, suggesting that rosiglitazone could also enhance adipogenesis following 5-Fu treatment([Fig 2A--2C](#pone.0149543.g002){ref-type="fig"}).

![Delayed hematopoietic recovery and increased mortality after rosiglitazone treatment.\
(A)Adipocytes in tibia BM sections from the ROSI, the ROSI+BADGE and the control groups following 5-Fu treatment (HE staining, scale bar 200 μm). (B)Adipocyte counts per mm^2^ in tibia BM sections from the three groups of mice. (C)Expression of PPARγ2 and adiponectin in BMMNCs from the three groups of mice after 5-Fu treatment. (D) Six-week treatment with rosiglitazone significantly delayed the recovery of white blood cells after 5-Fu treatment, and this effect was reversed by administering the PPARγ antagonist BADGE. (E-F)No significant differences in platelet and Hb levels were observed in rosiglitazone-treated mice compared to control mice. (G) The survival of mice was assessed daily. The data represent the means±SD, n = 3 in A--C, n = 4 in D-F, n = 8 in G. \**P*\<0.05 compared to CTL,\*\*\**P*\<0.001 compared to CTL, ^\#\#^*P*\<0.01 compared to ROSI).](pone.0149543.g002){#pone.0149543.g002}

In response to 5-Fu-induced hematopoietic stress, rosiglitazone-treated and control mice showed similar minimum values for WBCs, Hb and platelets. Upon recovery, however, the WBC counts in the rosiglitazone group increased more slowly. Platelet recovery was also slower in the rosiglitazone group, but this difference was not statistically significant ([Fig 2D and 2E](#pone.0149543.g002){ref-type="fig"}). Delayed hematopoietic recovery resulted in the death of 50% (n = 8, *P*\<0.05) of the rosiglitazone-treated mice, whereas all control mice survived ([Fig 2G](#pone.0149543.g002){ref-type="fig"}). To exclude the possibility of death due to severe hypoglycemia, blood glucose levels were examined. We did not observe a significant difference in blood glucose levels between the ROSI group mice(182.16±22.82mg/dl) and the ROSI+BADGE group mice(187.8±42.68mg/dl)compared to the CTL group(186.30±15.45mg/dl). These data show that rosiglitazone treatment compromised the post-injury recovery of the hematopoietic system.

Rosiglitazone treatment maintains LSK and inhibits myeloid progenitor cells after 5-Fu treatment {#sec023}
------------------------------------------------------------------------------------------------

To further explore the mechanism of delayed hematopoietic recovery, the phenotype of bone marrow hematopoietic cells after 5-Fu treatment was evaluated([Fig 3A](#pone.0149543.g003){ref-type="fig"}). We observed that the rosiglitazone group exhibited an increased percentage of LSK compared to the control group mice on day14 after 5-Fu treatment([Fig 3B](#pone.0149543.g003){ref-type="fig"}). Because the bone marrow cellularity of the rosiglitazone group mice was lower than that of the control mice, rosiglitazone treatment did not result in any significant alteration in the absolute number of LSK([Fig 3C and 3D](#pone.0149543.g003){ref-type="fig"}). Furthermore, rosiglitazone treatment had no impact on the cell cycle of LSK cells ([Fig 3E](#pone.0149543.g003){ref-type="fig"}). Stress from cytotoxic agents caused by BM ablation promotes stem cell migration into a proliferative microenvironment such as the spleen and peripheral blood \[[@pone.0149543.ref030]\]. This is essential to reconstitute the stem cell pool and induce hematopoietic recovery. As shown in [Fig 3F](#pone.0149543.g003){ref-type="fig"}, there was no significant difference in LSK cell counts in PB and the spleen, suggesting that rosiglitazone treatment allows the maintenance of the LSK pool under stress conditions.

![The *in vivo* effect of rosiglitazone treatment on LSK cells in bone marrow, peripheral blood and spleen under stress conditions.\
(A) Schematic of the experiment. In brief, the mice were fed a diet with or without rosiglitazone for 4 weeks. Then, they received a single dose of 250 mg/kg 5-Fu and continued their rosiglitazone-enriched or normal diet for two weeks. Two weeks after chemotherapy, the bone marrow, spleen and PB cells were isolated and used for flow cytometric analysis or a CFU assay. (B) Flow cytometric analyses of the LSK and HPC populations in the BM 14 days after 5-Fu. (C)The number of BMMNCs in rosiglitazone-treated mice was dramatically reduced compared to control mice 14 days after 5-Fu treatment. (D) The absolute number of HPC and LSK cells in the BM 14 days after 5-Fu treatment. (E)Cell cycle analysis of LSK in BM. (F)Flow cytometric analysis of the proportion of LSK cells in the PB and spleen 14 days after 5-Fu treatment. The data are presented as the means±SD of three independent experiments, \**P*\<0.05 compared to CTL, \*\*\**P*\<0.001 compared to CTL, ^\#\#^*P*\<0.01 compared to ROSI.](pone.0149543.g003){#pone.0149543.g003}

Notably, the frequency and absolute number of GMP and CLP cells in the rosiglitazone group were dramatically decreased on day14 after 5-Fu treatment ([Fig 4A--4C](#pone.0149543.g004){ref-type="fig"}). Concomitantly, we observed a 1.5-fold reduction of CFU-GM in the rosiglitazone group, although the CFU-GEMM counts were not different ([Fig 4D](#pone.0149543.g004){ref-type="fig"}). Furthermore, qPCR analysis of PU.1 and C/EBPα, two transcription factors involved in myeloid differentiation, showed that PU.1 was expressed at significantly lower levels in BMMNCs from rosiglitazone-treated mice than in those from the controls([Fig 4E](#pone.0149543.g004){ref-type="fig"}) \[[@pone.0149543.ref031]\]. The accumulation of cells in the primitive LSK and the loss of cells in the more differentiated GMP compartments indicate impaired myeloid development after rosiglitazone treatment.

![Rosiglitazone impairs differentiation of myeloid progenitors *in vivo*.\
(A-C) Flow cytometric analyses of HPC subsets in the BM 14 days after 5-Fu.(D) The colony-forming potential of BMMNCs 14 days after 5-Fu treatment. (E) RNA was extracted from BMMNCs from the CTL, ROSI and ROSI+BADGE group, and samples were analyzed for the expression of C/EBPα and PU.1. The data are presented as the means±SD of three independent experiments, \**P*\<0.05 compared to CTL,\*\**P*\<0.01 compared to CTL,^\#^*P*\<0.05compared to ROSI,^\#\#^*P*\<0.01 compared to ROSI.](pone.0149543.g004){#pone.0149543.g004}

The effect of rosiglitazone on stress hematopoiesis is PPARγ-dependent {#sec024}
----------------------------------------------------------------------

To demonstrate that the effect of rosiglitazone on stress hematopoiesis was PPARγ-dependent, we treated mice in the rosiglitazone group with a selective antagonist of PPARγ(BADGE) for two weeks. As shown in [Fig 2A](#pone.0149543.g002){ref-type="fig"}, bone marrow adipogenesis in the rosiglitazone group mice was markedly inhibited by BADGE treatment. The hematopoietic recovery and survival rate of the rosiglitazone group mice was improved by administering 60 mg/kg/d BADGE for two weeks ([Fig 2D and 2G](#pone.0149543.g002){ref-type="fig"}). Furthermore, the reduced CMP and GMP cell counts observed in rosiglitazone-treated mice was also partially reversed by BADGE([Fig 4A--4C](#pone.0149543.g004){ref-type="fig"}). These data clearly suggest that rosiglitazone inhibits hematopoietic recovery after stress via a PPARγ-dependent mechanism. Furthermore, the data also indicate that impaired myeloid differentiation might be due to rosiglitazone-induced bone marrow adipogenesis.

Rosiglitazone-treated stromal cells inhibit myeloid differentiation from HSPCs under stress condition {#sec025}
-----------------------------------------------------------------------------------------------------

Because rosiglitazone might impair hematopoiesis under stress, we used Lin- cells from 5-Fu-treated mice to test the direct and indirect effects of rosiglitazone on hematopoietic cells. First, we co-cultured Lin^-^ cells from d3 5-Fu bone marrow (bone marrow cells harvested 3 days after 5-FU administration)with rosiglitazone-treated stromal cells and detected the myeloid differentiation of HSPCs. As shown in [Fig 5A](#pone.0149543.g005){ref-type="fig"}, treatment with 10 μM rosiglitazone for 12 days clearly induced the adipogenic differentiation of M2-10B4 and C3H10T1/2 cells, an effect that was inhibited by BADGE treatment. To investigate the effect of rosiglitazone-treated stromal cells on myelopoiesis, flow cytometric and colony-forming assays were performed. Remarkably, the numbers of CFU-GM and Gr-1^+^/CD11b^+^ myeloid cells were significantly reduced after Lin^-^ cells were co-cultured with rosiglitazone-treated stromal cell lines for 3 days([Fig 5B--5D](#pone.0149543.g005){ref-type="fig"}). Furthermore, these effects were partially reversed by treating the stromal cells with BADGE.

![The effect of rosiglitazone-treated stromal cells on myeloid differentiation in HSPCs.\
(A) C3H10T1/2 cells and M2-10B4 were treated with 10 μM rosiglitazone in the presence or absence of BADGE(20μM). After 12 days of culture, the cells were fixed, and adipogenic differentiation was determined by Oil red O staining of the lipid droplets(scale bar 100 μm). (B, C) C3H10T1/2 cells and M2-10B4 were treated with 10 μM rosiglitazone in the presence or absence of BADGE(20μM) for 12 days. Then, the cells were washed twice with PBS followed by co-culture with Lin^-^ cells. After 3 days, colony-forming cell (CFC) assays (BFU-E and CFU-GM) were performed to determine the colony-forming viability of co-cultured Lin- cells. (D) The proportion of Gr-1^+^/CD11b^+^ cells was significantly decreased after co-culturing Lin^-^ cells with the rosiglitazone-treated C3H10T1/2 or M2-10B4 cell line. Furthermore, these effects were partially reversed by treating the stromal cells with BADGE. (The data are presented as the means±SD of three independent experiments, \**P*\<0.05 vs. control, \*\**P*\<0.01 vs. control, ^\#^*P*\<0.05vs. ROSI group).](pone.0149543.g005){#pone.0149543.g005}

To further determine whether rosiglitazone has a direct effect on HSPC myeloid differentiation under stress conditions, we treated Lin^-^ cells from d3 5-Fu bone marrow with different concentrations of rosiglitazone. The proliferation of Lin^-^ cells was unaffected at low concentrations of rosiglitazone (0.1 μM, 1 μM, and 10 μM) but was significantly inhibited at high concentrations(≥50 μM) ([Fig 6A](#pone.0149543.g006){ref-type="fig"}). Moreover, the survival rate was higher than 90% at low concentrations but significantly decreased at high concentrations, as assessed by trypan blue exclusion. Thus, subsequent experiments were performed using a low concentration of rosiglitazone. We observed that neither CFU-GM counts nor the proportion of Gr-1^+^/CD11b^+^ were affected by rosiglitazone, indicating that rosiglitazone might not directly inhibit the myeloid differentiation of HSPCs under stress conditions ([Fig 6B and 6C](#pone.0149543.g006){ref-type="fig"}). These results indicate that rosiglitazone impairs myelopoiesis partly by promoting adipogenesis rather than by inhibiting HSPCs directly.

![Rosiglitazone has no effect on hematopoietic progenitor cells *in vitro*.\
Lin^-^ cells from the BM of 5-Fu-treated mice were selected and cultured in the presence or absence of rosiglitazone for 7 days, and the cell proliferation, cell phenotype and colony-forming potential of Lin^-^ cells were assayed. The data are presented as the means±SD of three independent experiments, \*\**P*\<0.01 compared to control, \*\*\**P*\<0.001compared to control.](pone.0149543.g006){#pone.0149543.g006}

Discussion {#sec026}
==========

TZDs have been used for many years as antidiabetic agents to improve hyperglycemia and hyperlipidemia. These drugs bind and activate the nuclear receptor PPARγ, which exerts critical control over the adipogenic differentiation process. Some studies have suggested that in addition to inducing adipogenic differentiation, TZDs also exert suppressive effects on hematopoiesis \[[@pone.0149543.ref002],[@pone.0149543.ref006]\]. However, the potential effect of long-term TZD treatment on hematopoiesis *in vivo* is poorly documented. Our study revealed that the PPARγ agonist rosiglitazone can inhibit myeloid differentiation without compromising HSPC function, which might ultimately lead to delayed hematopoietic recovery after stress. Moreover, the effect of TZDs on myeloid differentiation is partly due to an indirect effect on the bone marrow microenvironment rather than a direct effect on HSPCs.

Although TZDs have some adverse hematopoietic effects in diabetic patients, we did not find that rosiglitazone inhibited homeostatic hematopoiesis in normal mice, which was consistent with previously published results \[[@pone.0149543.ref032]\]. HSPCs are more easily impaired by certain factors under stress conditions. Thus, it was reasonable to observe that hematopoietic recovery in the rosiglitazone group was delayed after 5-Fu treatment. We further assessed the subsets of HSPCs and found that the absolute number and cell cycle of LSK cells were not affected. Because LSK cells are approximately 10% HSC in addition to progenitors, our study suggests that rosiglitazone does not affect HSPC function\[[@pone.0149543.ref033]\]. However, it is possible that the function of LSKs might be impaired by rosiglitazone after serial 5-Fu injection as HSPCs that have started to cycle become more vulnerable to the drug after a second dose 5-Fu\[[@pone.0149543.ref034]\].We found that the frequency and absolute number of GMPs and CLPs were decreased. Moreover, CFU-GM counts and the expression of PU.1 in the bone marrow were also significantly decreased in the rosiglitazone group compared to the control group, which further confirmed defective myelopoiesis induced by rosiglitazone. It should be noted that there was no difference in the expression of C/EBPα between the rosiglitazone group mice and the controls. C/EBPα is part of a family of leucine zipper transcription factors and plays an important role in myeloid differentiation and adipogenesis. Mutation of the C/EBPα gene results in a selective block to the differentiation of neutrophils, and reduced expression of C/EBPα might cause defective neutrophilic differentiation \[[@pone.0149543.ref031],[@pone.0149543.ref035]\]. The C/EBPα gene can also be regulated by PPARγ agonists\[[@pone.0149543.ref036]\]; thus, the C/EBPα level in rosiglitazone-treated mice might not accurately reflect the process of myelopoiesis. These data indicate that rosiglitazone might impair the myeloid differentiation of HSPCs in response to stress, which is a plausible mechanism for the increase in undifferentiated HSPCs observed in our experiment.

In contrast to our results, other studies have shown that pretreatment with rosiglitazone for 5 days leads to an accelerated recovery of hematopoiesis following 5-Fu administration \[[@pone.0149543.ref008],[@pone.0149543.ref009]\]. These discrepancies can be explained in several ways. The most important of all possible explanations is that the rosiglitazone dosage and treatment duration differed between different studies. The conditions used in this study significantly increased bone marrow adipocyte counts, and bone marrow adipocytes negatively regulate hematopoiesis. Differences in insulin levels could be another possible explanation. Insulin is a growth factor for hematopoiesis, and serum insulin tends to increase after 5days of rosiglitazone treatment, whereas it decreases after long-term treatment with rosiglitazone \[[@pone.0149543.ref026]\]. Other factors, such as the severity of the stress, might also explain the observed differences.

PPARγ agonists play a pivotal role in regulating the proliferation and differentiation of leukemic cell lines and hematopoietic cells \[[@pone.0149543.ref015],[@pone.0149543.ref037]\]. These drugs suppress cellular growth by inducing apoptosis in leukemia cell lines, and they have a mildly toxic effect on normal hematopoietic cells. Furthermore, PPARγ agonists inhibit the maturation and proliferation of primary erythroid progenitor cells and rapidly induce apoptosis in B cells \[[@pone.0149543.ref015],[@pone.0149543.ref017]\]. However, other studies have shown that TZD treatment can increase the number of hematopoietic stem cells in bone marrow and peripheral blood when combined with a hematopoietic stem cell mobilizer \[[@pone.0149543.ref014]\]. We observed that the optimized concentration of rosiglitazone did not affect the cell phenotype and CFU-GM counts of HSPCs under stress. Thus, the effect of rosiglitazone on myelopoiesis cannot be explained by a direct effect, and other mechanisms must be involved.

PPARγ agonists are strong stimulators of adipogenesis. In line with previous reports, we found that long-term rosiglitazone treatment increased bone marrow fat in mice, which was accompanied by a delay in hematopoietic recovery\[[@pone.0149543.ref026]\]. As adipocytes are known to be a negative regulator of bone marrow cells, the increase in fat space after rosiglitazone treatment prompted us to ask whether adipocytes inhibit the myeloid differentiation of HSPCs, thereby contributing to delayed hematopoietic recovery. We found that the effect of rosiglitazone on stress hematopoiesis could be partially reversed by the PPARγ inhibitor BADGE, which has been shown to prevent bone marrow adipocyte formation *in vivo* and *in vitro*\[[@pone.0149543.ref019],[@pone.0149543.ref020],[@pone.0149543.ref038]\]. BADGE treatment also increased the absolute number of GMPs in rosiglitazone-treated mice, while it did not rescue the effects of rosiglitazone on CFU-GM counts. However, if CFU numbers were converted to total numbers in the BM, the total number of CFU-GM counts in BADGE group mice was significantly higher than ROSI group mice. Furthermore, rosiglitazone promoted the differentiation of two stromal cell lines into adipocytes, and rosiglitazone-treated stromal cell lines significantly inhibited the myeloid differentiation of co-cultured HSPCs *in vitro*, an effect that was also reversed by BADGE treatment. Thus, it is reasonable that rosiglitazone inhibits myelopoiesis in part by promoting bone marrow adipogenesis.

Other mechanisms might also be involved in the effects of rosiglitazone on stress hematopoiesis. PPARγ agonists can inhibit osteoblast differentiation and osteoclast function\[[@pone.0149543.ref025], [@pone.0149543.ref039]\]. It has been reported that the osteoblastic lineage plays a central role establishing the HSC niche. Osteoblastic cells are crucial players for the homeostasis of hematopoiesis as they express several cell-to-cell receptors (e.g., N-Cadherin, Jagged, VCAM-1), soluble and cell-surface associated cytokines and growth factors that are essential for normal HSC function \[[@pone.0149543.ref040],[@pone.0149543.ref041]\]. It is possible that rosiglitazone treatment negatively impacts myelopoiesis by suppressing osteoblast differentiation. However, the role of osteoclasts in the maintenance of hematopoietic stem cells is still controversial. Osteoclasts are reportedly required for hematopoietic stem and progenitor cell mobilization. In contrast, other studies have suggested that osteoclasts are dispensable for HSC mobilization and might function as negative regulators in the hematopoietic system\[[@pone.0149543.ref042]\].

In conclusion, our results show that rosiglitazone inhibits myelopoiesis through its action on the bone marrow microenvironment, which can delay hematopoietic recovery. These results suggest a plausible mechanism for the impaired hematopoiesis observed in patients receiving TZD treatment and provide new evidence for the benefits of PPARγ inhibitors that are used to improve hematopoietic recovery. Furthermore, the model of adipocyte hyperplasia induced by rosiglitazone might help us understand the mechanism of adipocyte-imposed hematopoietic inhibition.
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